Ni-( 12-14)Cr-(3-4)AI-( 1 -2.5)Nb wt.% base. Conventional hot/cold rolling was used to produce 0.5" thick plate and 0.1" thick sheet product. ORNL subsequently successhlly rolled the 0.1" sheet to 4 mil thick foil. Long-term oxidation studies of the plate form material were initiated at 650, 700, and 800°C in air with 10 volume percent water vapor. Preliminary results indicated that the alloys exhibit comparable (good) oxidation resistance to ORNL laboratory scale AFA alloy arc casting previously evaluated. The sheet and foil material will be used in ongoing evaluation efforts for oxidation and creep resistance under related CRADAs with two gas turbine engine manufacturers. This work will be directed to evaluation of AFA alloys for use in gas turbine recuperators to permit higher-temperature operating conditions for improved efficiencies and reduced environmental emissions.
Statement of Objectives
AFA alloy properties to date have been obtained from small laboratory scale arc-castings made at ORNL. The goal of the ORNL-CarTech CRADA was to establish the viability for producing plate, sheet and foil of the AFA alloys by conventional casting and hot working approaches as a first step towards scale up and commercialization of the AFA alloys. The AFA alloy produced under this effort will then be evaluated in related CRADAs with two gas turbine engine manufacturers for gas turbine recuperator applications.
Benefits to the Funding DOE Office's Mission
The ORNL AFA stainless steels are a new class of high-temperature alloy family with 2 50-2OOOC (-100-400°F) increased upper-temperature oxidation (corrosion) limit over that of conventional stainless steels. AFA steels deliver these uniquely superior properties without sacrificing the typical lower cost, formability and weldability of conventional stainless steels. Due to their outstanding oxidation resistance, which results from the formation of a protective aluminum oxide (alumina, A1203) surface layer, AFA stainless steels can be used at higher temperatures and for longer times than conventional chromium-oxide (chromia, Cr203)-forming stainless steels in highly-corrosive operating environments. These unique attributes of AFA steels make them highly desirable in a wide range of energy production and chemical industry applications, where implementation of more durable, higher-temperature capable materials can result in significant savings in cost and energy, and reductions in environmental emissions. Thus, they are highly relevant to the DOE EERE program mission.
Technical Discussion of Work Performed by All Parties
Four 30 Ib. VIM (vacuum-melted) AFA alloy heats were cast by CarTech as tapered 4"x4" x 8.5" long ingots. Alloy chemistries are shown in Table 1 . The ingots were heated in a reducing (natural gas) atmosphere at 1200°C for 4 hours and double-end forged (reheated 20 minutes to forge hot top ends) to 4.5" x 1.125" x length. The hot tops were cut off and two 6" and two 4" pieces were cut from the forged slab for hrther processing. These pieces were milled on all four sides to 4.25" X 1". A 4" piece from each heat was used as trial hot rolling specimens to setup rolling passes. The milled slabs were heated in air at 1200°C for 1 h. Eight 6" pieces were hot rolled to .600" thick. Four 4"pieces were hot rolled to .270" thick (alloy OC-1, heat 1591 was hot rolled to .310" thick). The hot rolled material was then annealed in air at 1200°C for 30 minutes and air cooled. The eight .600" thick plates (2 per alloy type) were milled to 0.508" x 4.1875" x 10-1 1.5" lengths. The four 0.270" thick strips (1 per alloy) were milled to 0.190" thick and cold rolled to 0.098"~ 4.25"~ 24-33" lengths.
A photograph of the AFA alloy plate and sheet material manufactured by CarTech is shown in Fig. 1 . The initially targeted application of AFA alloys is for use in gas turbine recuperators. Subsequent processing of the AFA alloy sheet by ORNL was successful in producing 4 mil thick AFA alloy foil (Fig. 1 ). Creep and oxidation evaluation of the AFA foil will be pursued under follow-on CRADAs with two gas turbine manufacturers.
Oxidation data for AFA alloy plate material produced by CarTech is shown in Fig. 2 . All four AFA alloys showed excellent behavior in cyclic oxidation at 650 and 700°C in air with 10 volume percent water vapor (400-900 total hours accumulated thus far), a test condition which is designed to simulate the detrimental effects of water vapor encountered in combustion environments (650-700°C is the targeted recuperator inlet temperature range for higherefficiency gas turbines). This is a key result because the alloys contained additions of Ti and V (Table 1) to simulate impurity levels expected in high-volume commercial production using lowcost scrap metal feedstock (Ti and V can degrade oxidation resistance in AFA alloys).
At 800°C in air with 10 volume percent water vapor (Fig. 2) , alloys OC-1 and OC-3 exhibited a transition to rapid, nonprotective Fe-oxide nodule formation after only a few hundred hours exposure. In contrast, alloys OC-2 and OC-4 exhibited good oxidation resistance and low mass gains consistent with protective alumina scale formation out to 900 h of ongoing exposure (Fig.  2) . The superior oxidation resistance of alloys OC-2 and OC-4 was consistent with previously observed AFA composition-oxidation-temperature trends. The poor behavior of OC-1 at 800°C was somewhat unexpected, as arc-cast material of similar composition tolerated over 4000 h of exposure under these conditions prior to initiation of Fe-oxide nodules. This lesser oxidation behavior is likely a consequence of the borderline nature of the OC-1 composition at 800°C in water vapor. All ORNL AFA compositions exhibit a transition from protective alumina layer formation to internal oxidation of AI (and nonprotective oxidation behavior) if the oxidation temperature is raised too high, i.e. they have a defined upper-temperature performance limit for their good oxidation resistance. (This is a consequence of the relatively low levels of AI and Cr used in AFA alloys to achieve the balance mechanical properties with oxidation resistance). The oxidation studies will continue for both plate and foil material under related CRADAs with gas turbine manufacturers to confirm that oxidation resistance at 650 and 700°C is maintained over long-term exposures.
Subject Inventions (As defined in the CRADA)
No new intellectual property (IP) was generated under this CRADA.
Commercialization Possibilities
The results obtained under this CRADA indicate good potential to commercialize the AFA stainless steels. The alloys were found by CarTech to be readily amenable to conventional austenitic stainless steel manufacturing techniques, and the resultant alloy material showed good oxidation behavior, comparable to that observed with laboratory scale arc-cast material produced by ORNL. ORNL also demonstrated suitability for production of AFA alloy foil, the product form needed for the gas turbine recuperator component to be evaluated under CRADAs with two gas turbine manufacturers.
Plans for Future Collaboration
An abstract for a joint CARTECH/ORNL presentation and paper was submitted to the Stainless Steel World 2009 Conference & Expo in Maastricht, The Netherlands, November 10th -12th 2009. Continued long-term oxidation and creep studies of AFA alloy plate and foil will be pursued under related CRADAs with two gas turbine manufacturers.
Conclusions
1) AFA stainless steels are amenable to conventional vacuum casting, hot-and cold-rolling processing.
2) Levels of Ti and V impurities expected in high-volume commercial production using low-cost scrap metal feedstock can be tolerated in AFA alloys without significant detriment in oxidation resistance .
3) The AFA alloys show good potential for scale up and commercialization. 
